Abstract-Future generation mobile communications running on mm-wave frequencies will require great robustness against frequency selective channels. In this paper, we evaluate the transmission performance of 4.9 Gb/s wavelet-coded orthogonal frequency division multiplexing (OFDM) signals on a 10 km fiber plus 58 m wireless radio-over-fiber link using a mm-wave radio frequency carrier. The results show that a 2 × 128 wavelet-coded OFDM system achieves a bit-error rate of 1e-4 with nearly 2.5 dB less signal-to-noise ratio than a convolutional coded OFDM system with equivalent spectral efficiency for 8 GHz-wide signals with 512 subcarriers on a carrier frequency of 86 GHz. Our findings confirm the Tzannes' theory that wavelet coding enables high diversity gains with a low complexity receiver and, most notably, without compromising the system's spectral efficiency.
I. INTRODUCTION
A S THE fifth generation (5G) of mobile communications technology is developed and implemented, worldwide solutions propose the use of much greater spectrum allocations in both licensed and unlicensed spectrum, including the mm-wave frequency band [1] - [5] . Radio-over-fiber links allow straight forward integration of the mobile front-and backhaul with deployed optical distribution networks, while readily offering the use of large modulation bandwidths [1] , [2] , [5] . Such a requirement imposes a critical demand for broadband wireless links, implying in high-bit-rate transmissions that are loudly subjected to channel-induced inter-symbol interference (ISI) incurred by frequency selectivity [6] .
Adding frequency diversity in an Orthogonal Frequency Division Multiplexing (OFDM) design is an effective way of mitigating the effect of frequency-selective fading, which is generally achieved by sub-carrier redundancy, or channel coding [7] . Therefore, most of the practical OFDM systems are associated with forward error correction (FEC) codes [8] such as Reed-Solomon (RS) code [9] , [10] , convolutional code [11] , [12] , trellis-coded modulation (TCM) [13] , turbo code [14] , and low-density parity-check (LDPC) code [15] .
The Wavelet-Coding scheme has been proposed in [16] as a new diversity strategy that: i) does not add redundancy to the original bit stream, which makes it a very competitive solution in comparison to other coding schemes such as convolutional or LDPC codes [7] ; that ii) has a considerable simplified receptor, beating trellis or turbo based decoders in terms of computational costs [7] ; and that iii) shows enormous performance gains on fading channels, as demonstrated over the past years [17] , [18] .
Recently, in [19] , the Wavelet-Coding was used to enable high time-diversity gains in Doppler-rich channels with no cost to system spectral efficiency and yet with very simple decoding. Those findings were extended in [20] , where it has been found that the Wavelet-Code can substantially compensate for the combined effects of deep frequency fading and error bursts that disrupt orthogonality among OFDM sub-carriers.
In this work, we experimentally demonstrate the transmission of 4.9 Gbps Wavelet-Coded (WC) OFDM signals as proposed in [20] on a 10 km fiber plus 58 m wireless Radio-over-Fiber link using a mm-wave carrier frequency of 86 GHz. We evaluate the performance of 2 × 128 and 2 × 8 WC-OFDM schemes in terms of bit-error rate (BER) for several OFDM resolutions. The results are contrasted with an uncoded scheme and a stateof-the-art coded scheme, all of them with equivalent spectral efficiency of 1 bit/s/Hz.
Our findings show that the proposed system substantially compensates for the effects of frequency distortion caused by electronic and optical components with non-flat frequency response. The results confirm the theory of Tzannes [16] that WC enables high diversity gains with a low complexity receiver, and, most notably, without compromising the system's spectral efficiency. The results also validate the solution proposed in [17] on modulation schemes that support the integration of WC with 0733-8724 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. power-limited systems. To the best of the authors' knowledge, the transmission of WC signals has never been experimentally demonstrated.
The proposed system fits as a key enabler for the use of mm-wave frequencies in future generation mobile communications for outdoor medium distance links such as (a) buildingto-building communication, (b) recovery and protection of fiber links, (c) mobile front-/backhaul, (d) spanning obstacles for providing broadband access to rural ares, and (e) short-range indoor wireless distribution. The network scenario for the hybrid fiber-wireless link proposed in this work is represented in Fig. 1 . This paper is organized as follows: Section II explains the wavelet coding/decoding algorithm; Section III describes the proposed system in detail, including transmission and reception schemes, and the experimental setup. Section IV explains the applied methodology and discusses the results. Finally, Section V draws the conclusions.
II. WAVELET-CODING SCHEME Wavelet-Coding enables diversity gains without necessarily diminishing the system's efficiency [16] through the use of Wavelet-Coefficient Matrices (WCMs). WCMs have arbitrarily long rows, which are orthogonal to each other, even when moved and/or added. This work focuses on the use of integer flat WCMs. The matrix A = (a j k ) with dimensions m × mg, whose coefficients a j k take value in the integer set {+1, −1} is said to be a wavelet matrix with rank m and genus g if it satisfies the modified wavelet scaling conditions [16] , [21] . Those conditions ensure that: i) the sum of the elements in the first row of A is equal to the matrix rank m; that ii) the sum of the elements from all remaining rows of A is equal to zero; and that iii) the WCM's rows are mutually orthogonal, even when shifted by m-multiple positions, and orthogonal to copies of themselves shifted by m-multiple positions. The diversity gains from WC can be continuously enhanced by employing WCM with larger dimensions [17] .
A. Coding Algorithm
In this approach, the wavelet encoder multiplies successive source bits by distinct rows of a WCM, called wavelet codewords, to encode the information bits. Let a discrete source generate statistically independent and identically distributed (i.i.d.) bits {x n } ∈ {+1, −1}. The wavelet symbol produced at time n = pm + q is expressed by
The produced wavelet symbols take values in the set {−mg, −mg + 2, . . . , 0, . . . , mg − 2, mg} with probability
Within this process, the information represented by an information bit is spread along the transmitted sequence, causing a small part of the signal to contain information about an entire block of data. This way, it is expected that the coded signal can withstand nullifying of closely-spaced symbols. This process can be used for improving robustness against the combined effects of varying fading and noise bursts [18] , [19] . The longer the matrices employed, the larger the bit-blocks that will be coded by each row, and therefore more frequent deep fading of the channel may occur without disrupting the transmission. It can be verified that m information bits are encoded in m wavelet symbols sent during m signaling intervals, thus allowing a spectral efficiency of 1 bit/s/Hz. In this work, wavelet matrices with parameters m 1 = 2, g 1 = 4, and m 2 = 2, g 2 = 64 are employed, therefore with dimensions D 1 = 2 × 8 and D 2 = 2 × 128, meaning that the wavelet decoder at the receiver must decide between 9 levels for the case D 1 and 129 levels for the case D 2 .
In [17] , a solution has been proposed for integrating waveletcoding with power-limited systems, resulting in probabilistically shaped, non-uniform constellation diagrams that take into account the facts that: i) for an i.i.d. source, successive wavelet symbols have similar levels; ii) the generated wavelet levels are not equiprobable, according to (2) , and consequently the performance gains of these systems are significantly influenced by their modulation scheme; iii) decision errors between two close wavelet levels do not necessarily result in any bit errors, whereas decision errors between wavelet levels far from each other may considerably degrade correct bit estimation. Based on that solution, the transmitted data symbols for the case D 1 will belong to a 9-PSK (i.e. phase shift keying) signal space according to Fig. 2(a) . In order to avoid performance degradation due to constellation crowding on the case D 2 , a many-to-one mapping P(·) of the wavelet symbols generated by (1) is performed onto an 11-PSK signal space, according to Fig. 2(b) . The effect of such a quantization mapping on the BER floor is reported in [17] .
B. Decoding Algorithm
At the receptor, the transmitted information bit sequence {x n } at the moment i = m(g + p) − 1 can be estimated from the wavelet symbol sequence y n by using a bank of m correlators of length mg matched with the m rows of the WCM as
where e i−k is an integer random variable that denotes the demodulation noise [18] . Due to the orthogonally of the MCWs' rows, the original transmitted bits can be estimated
The decoding process' computational simplicity is one of the main features of wavelet coding [16] , [21] . Fig. 3 shows the block diagram of the proposed transmission system together with the actual laboratory setup in terms of three main parts: A) Digital transmitter (top-left); B) experimental setup (top-right); and C) digital receiver (bottom), as described in the following subsections.
III. SYSTEM DESCRIPTION

A. Digital Transmitter
A pseudo-random sequence of bits x with length l is generated and coded according to Section II-A. The wavelet symbols resulting from (1) are randomly interleaved and delivered to an inverse fast Fourier transform (IFFT) after serial-to-parallel conversion in order to form OFDM symbols, expressed in time domain as [22] : 
. , S[N − 1]]
T , where the first N null tones and the last N null tones are designated as null sub-carriers to be used as guard bands. The number of required sub-carriers is a composite of the l + m * g − 2 coded output symbols plus null sub-carriers. The IFFT sizes are chosen to be fixed, always equal to such a number of required sub-carriers.
Every OFDM symbol has pilot tones P at periodicallylocated sub-carriers, which are used for a frequency-domain interpolation to estimate the channel response along the frequency axis at the receptor. Let S f be the period of the pilot tones in frequency domain to be allocated along the N U used sub-carriers, then the pilot tones P are allocated in S ac-
. A period of S f = 6 data tones per pilot tone is considered in this work.
Each OFDM symbol is extended with a cyclic prefix (CP) before parallel-to-serial conversion. CP lengths of 0%, 6.25%, and 12.5% of the OFDM sizes are considered in this work. When an OFDM frame (a set of serial OFDM symbols) is mounted, a preamble of 2.5 times the length of the OFDM symbol is appended to its beginning for time-domain synchronization and fine frequency synchronization at the receiver. After eight times oversampling and pulse shaping by a raised cosine (RC) filter, the resultant digital signal is pre-modulated by an intermediate frequency (IF) of 6.5 GHz and clipped to 40% of its maximum for peak-to-average power reduction (PAPR), before being delivered for digital-to-analog conversion (DAC).
B. Experimental Setup
The setup consists of three stations, as shown in Fig. 3(b) and further expanded into Fig. 4 , which in a deployment case would be geographically separated: Station I) optical signal generation and modulation followed by optical fiber transmission; Station II) optical to radio-frequency (RF) conversion followed by Wband RF transmission; and Station III) the receiver station.
1) Station I):
Signal generation consists of an external cavity laser (ECL) at λ = 1550 nm, followed by a Mach-Zehnder modulator (MZM) biased at its minimum transmission point and driven with a sinusoidal at f RF /2 = 43 GHz to generate two spectral lines spaced at f RF = 86 GHz. The signal is amplified by 22 dB using an erbium doped fiber amplifier (EDFA) with a noise figure (NF) < 6 dB and an arrayed waveguide grating (AWG) separates the two spectral lines, allowing to modulate one with data.
A 64 GSa/s arbitrary waveform generator (AWG) serves as a DAC for the signal produced by the digital transmitter layer, as described in Section III-A. After a driving amplifier, the signal at a speed of 8 Gbps drives the second MZM with ca. 90% modulation depth. The digital clipping before DAC ensures the majority of the signal will be in the linear range of the MZM transmission curve for optimum extinction ratio.
Two variable optical attenuators (VOAs) ensure equal power of the two arms and allow control over the output optical power. Fig. 5 shows the spectrum of the generated signal at the output of the coupler. A second EDFA with a 4.3 dB NF amplifies the signal by 20 dB before it is transmitted through 10 km of ITU-T G.652 standard single-mode fiber (SMF).
2) Station II): After fiber transmission the optical signal is converted to an RF signal by beating the two spectral lines on a photodiode (PD) with a nominal 3 dB bandwidth of 100 GHz and a responsivity of 0.5 A/W. The power incident on the PD is varied between −5.5 dBm and 2.5 dBm through the use of the second VOA for analysis of transmission performance. The generated RF signal is amplified by 10 dB and thus mm-wave signals with powers from −20 dBm to −4 dBm are transmitted over a wireless distance of 58 m through a pair of parabolic antennas with a gain of 48 dBi each.
3) Station III): At the receiver station the signal is amplified by a low noise amplifier (LNA) providing 25 dB gain before down-conversion to an intermediary frequency with a double balanced electrical mixer. The local oscillator for the mixer is obtained by feeding a passive frequency doubler with a sinusoidal at f LO /2 = 37.5 GHz. Downmixing yields the 8 GHzwide signal centered at a frequency of f RF −LO = 11 GHz. The received signal is amplified by 16 dB and recorded for bit-error rate (BER) measurements using a digital storage oscilloscope (DSO) that serves as an analog-to-digital converter for further offline digital processing.
A photograph of the laboratory setup is depicted in Fig. 6 .
C. Digital Receiver
At the receptor, coarse frequency synchronization and coherent downconversion by f RF − f LO = 11 GHz is achieved by a Costas loop. Fig. 7(a) shows the spectrum of the received signal before downconversion. A band pass filter isolates the 8 GHz-wide signal now centred at the intermediate frequency f I F = 6.5 GHz, as shown in Fig. 7(b) . The resultant digital signal is then demodulated with a 6.5 GHz carrier frequency, as shown in Fig. 7(c) , and finally low-pass filtered before being downsampled by a factor of eight, as shown in Fig. 7(d) . In baseband domain, the appended preamble is used for time synchronization and fine frequency offset correction [23] . After proper CP removal, the process of Fast Fourier Transform (FFT) with size N on the received signal produces the frequency domain symbols asS = F(R). The received pilot tonesP are extracted fromS at their positions in the sub-carrier domain. Then, the least-square (LS) algorithm estimates the channel effectsĤ[k] LS as:
, m = 0, 1, . . . ,
where N U is the number of used sub-carriers and S f stands for the period of pilot tones in the sub-carrier domain, as explained in Section III-A. Subsequently,Ĥ LS is interpolated by zeropadding and low pass filtering to generateĤ LS , which can be written for each subcarrier asĤ
The channel estimateĤ LS (as illustrated in Fig. 8 ) is utilized to generate an estimation of the transmitted data symbols aŝ S =S/Ĥ LS . Although the LS channel estimation does not consider the loss of orthogonality between sub-carriers, it has been widely used for channel estimation due to its simplicity. However, its mean-square error (MSE) is inversely proportional to the signalto-noise ratio (SNR), which implies that it may be subject to noise enhancement, especially when the channel is in a deep null [8] . The wavelet symbols are then extracted from their positions, deinterleaved and finally decoded according to (3) for BER evaluation.
IV. RESULTS AND DISCUSSION
A. Experimental Results
Recent simulation based studies [20] for the performance of WC-OFDM systems on slow-varying frequency selective channels indicated that coding gains of nearly 4 dB to 6 dB are achieved in relation to convolution-coded OFDM systems for a BER of 1e-3. In this work, the performance of WC-OFDM communication systems is experimentally evaluated on a composite radio-over-fiber link with 10 km optical transmission through standard SMF plus 58 m wireless transmission in the W-Band. Results were obtained for transmitted signals with a fixed rate of 1 pilot tone for every 6 data tones, within a bandwidth of 8 GHz on a radio frequency of 86 GHz, where each transmission is recorded 25 times, resulting in a total of 924.000 analyzed bits. Three OFDM resolutions, three CP lengths and two pilot levels were considered. Table I summarizes how these values affect the the number of used sub-bands per OFDM symbol (N U ), the sub-band spacing (ΔB), the number of OFDM symbols per OFDM frame (N sy m b ) , the preamble transmission time (τ pre ), the transmission time of each OFDM symbol (τ sy m b ), the total frame transmission time (τ total ), the net bitrate (R), and the spectral efficiency (SE) on the use of the channel. Fig. 9 shows the results obtained in terms of BER vs. optical power for 2 × 128 WC-OFDM signals with different FFT sizes and CP lengths. As can be seen, better BER is observed insofar as the OFDM resolution (FFT size) decreases. This effect is explained by the fact that the larger the OFDM resolution is, the longer the OFDM symbols duration (τ sy m b ) gets -as shown in Table I -implying a larger phase walk off between the RF signal after the PD and the LO at the receiver, thus strongly affecting the transmission coherence due to degradation of subband orthogonality. Moreover, it can be seen that, regardless of the OFDM resolution, an increase of the CP length does not yield any performance improvement. This is striking evidence that the propagated signal was not subjected to any significant multipath propagation, as was expected since greatly directive antennas were used for a single-input-single-output (SISO) lineof-sight (LoS) wireless transmission, and because no multipath phenomena are expected from transmission within SMF. Fig. 10 shows the results obtained in terms of BER vs. optical power incident on the PD for four transmission schemes with equivalent spectral efficiency of 1 bit/s/Hz, two ratios of pilot-tone level over data-tone level, and a fixed OFDM resolution of 512 sub-bands per symbol. The first thing to notice is that a greater pilot/data level ratio resulted in better performance, regardless of the coding scheme-with the exception of the 2× 8 WC case. This effect is a consequence of improved equalization although at the price of decreased SNR, showing a trade-off where finding an optimum configuration yields large performance gains. It should be stressed however, that due to power limitations imposed by some of the utilized electronic components-such as A/D and D/A converters, mixers etc.-it was expected that a further increase in the pilot/data level ratio would not lead to any greater performance improvement.
For a fixed BER of 1e-4, Fig. 10 shows the 2 × 128 WC scheme with a pilot/data level ratio of 1.5 to outperform the uncoded BPSK scheme by 1 dB. Furthermore, the 2 × 128 WC outperforms the convolutional QPSK scheme by nearly 2.5 dB. 
B. Discussion
From prior studies on WC [17] , it is expected that, in purely additive white Gaussian noise (AWGN) channels, both the 2× 8 and the 2× 128 WC schemes have the same performance as the uncoded BPSK scheme. It is moreover expected, still assuming a purely AWGN channel, that the convolutional coded scheme should outperform the uncoded scheme, even considering a twice higher-dimension signal constellation -which does not occur. These evidences point to the conclusion that the observed propagation channel is indeed subject to some frequency selectivity, as observed in Fig. 8 , even in such a purely LoS SISO link with the 1st Fresnel zone within a radius of 22 cm. 1 A detailed investigation on the frequency response of the wireless W-Band channel and previous findings [4] , [5] corroborate this conclusion.
Moreover, as chromatic dispersion (CD) will not significantly affect an 8 GHz signal within an optical link of 10 km of SMF, nor is the channel affected by multipath (as concluded from Fig. 9 ), there is a substantial indication that such a frequency selectivity is caused by the composite non-flat frequency response of electronic and optical components within the setup. While component bandwidths at all stages were larger than that of the signal -the MZM and driver amplifier have a BW of 40 GHz, the RF amplifiers are full band W-Band and the IF amplifier has a BW of ca. 25 GHz -their frequency response within the their bandwidth may vary and especially for the RF amplifiers will not be flat. Combined with non-flat frequency response of the antennae and most significantly that of the mixer employed for down-conversion these may cause the distortions observed in Figs. 7 and 8.
The observed results suggest that the diversity gains provided by WC do compensate for fading effects in digital transmission, corroborating results from previous studies [18] - [20] . The reduced performance of the 2 × 8 WC scheme indicates that, due to the trade-off between diversity gain and SNR reduction resulting from the more complex signal constellation, the use of this particular coding-modulation dimension is not recommended for the proposed scenario. However, the performance improvements observed from the use of a larger-dimension WCM are very consistent with results obtained in prior studies [17] inasmuch as greater diversity gains can compensate for more frequent deep fading caused by the channel. The potential gains enabled by WC thus make it a strong candidate for additional coding in future mobile communications.
V. CONCLUSION
Several methods have been presented to compensate unsolved frequency selectivity in OFDM systems, including the application of channel coding over the sub-carrier domain. These solutions usually require either an expensive computational complexity or some decrease in system spectral efficiency. Confirming the findings of [19] and [20] , that WC can substantially compensate for the combined effects of deep frequency fading and error bursts disrupting orthogonality among OFDM sub-carriers, we experimentally demonstrate transmission of 4.9 Gbps 2 × 8 and 2 × 128 WC-OFDM signals over a radio-over-fiber link of 10 km fiber plus 58 m wireless distance (with distances of 100 m and beyond predicted to be achievable analog to [5] ), using a radio carrier frequency of 86 GHz. We find that, for a fixed BER of 1e-4, the 2× 128 WC scheme outperforms an uncoded BPSK by 1 dB while outperforming a convolutional coded QPSK by nearly 2.5 dB.
Considering a SISO LoS setup, the results indicate that the proposed system is able to compensate for the combined effects of noise bursts and frequency distortions caused by electronic components. It is important to stress that these results confirm the theory of Tzannes [16] that the WC enables high diversity gains with a low complexity receiver, without compromising the system's spectral efficiency. Moreover, the results also validate the solution proposed in [18] on modulation schemes that support the integration of WC with power-limited systems. To the best of the authors' knowledge, this is the first time that the transmission of WC signals has been experimentally demonstrated.
The current study indicates that the proposed system fits as a key enabler for the use of mm-wave frequencies in future generation mobile communications, due to its robustness to the harsh effects of frequency selective channels caused either by unsolved multipath or, as in the case of this work, by the highly non-flat frequency response of the employed RF and optical components. It is worth noting though that the Wavelet-Coding algorithm presented in this work is still tied up to 1 bit/s/Hz modulation schemes. Future work should therefore consider strategies to allow higher order modulation formats. Moreover, further investigation must be done on the effects of frequency offset, time offset, and phase distortions on the performance of the proposed system. Signal fading between the antennas should also be considered.
